aBStr aCt. Although scientists have long believed that, in an eastern boundary current system, alongcoast wind stress is responsible for the upwelling of deep nutrients that initiates phytoplankton blooms, the California Current System (CCS) presents a challenge to this idea. Seasonally averaged chlorophyll concentrations are several times higher along the Washington/southern British Columbia coast than off northern California, where alongcoast wind stress is several times greater. The high chlorophyll concentration is reflected in higher trophic levels, such as zooplankton and fish density in the northern CCS. This article discusses potential reasons for this apparent paradox. The analysis suggests that the northern CCS has several mechanisms that can produce upwelled nutrient concentrations comparable to those in regions with much greater wind stress, including a persistent nutrient supply through the dynamics of the Strait of Juan de Fuca and local upwelling enhancement by submarine canyons. Large-scale upwelling resulting from coastal-trapped waves forced in the areas with stronger wind stress is also likely an important factor, as is iron input by the Columbia River. In addition, in contrast to other parts of the CCS, the highproductivity northern latitudes have numerous physical features that give phytoplankton blooms time to develop fully and to be retained on the shelf, including wide shelves, coastlines without large capes, a large bank, wind intermittency, and density fronts related to the Columbia River. (Hill et al., 1998 ). This upwelling is caused primarily by the stress of winds blowing equatorward on the ocean's surface next to the coastal boundary. When the deeper water with higher nutrient concentration upwells, phytoplankton in the upwelling layers are exposed to light and begin to grow, resulting in a "bloom" (a high concentration of phytoplankton) (MacIsaac et al., 1985) . It might be expected that overall productivity along any eastern boundary coast would be correlated with the strength of the alongcoast wind stress at a given location. In the CCS, this Barbara M. Hickey (bhickey@u.washington.edu (left) a map of the CCS with bottom topography and typical surface currents (blue arrows), showing the location of submarine canyons (red), regions with longer than average residence times (green, "retention areas"), and primary sources of freshwater (yellow, the Strait of Juan de fuca and the Columbia river). The Columbia river plume is depicted in the bi-directional pattern frequently seen in the summer season. regions where upwelling is primarily two dimensional ("straight coast upwelling") are differentiated from those farther south that are more three dimensional ("filaments and jets"). (right) a cartoon showing typical circulation patterns for an arbitrary subregion of the CCS in plan view (upper) and cross section (lower). in the cross section, circles with dots indicate equatorward flow; circles with crosses indicate poleward flow. retention areas over banks, behind capes, and within bays and estuaries are noted in green text. Upwelling water next to the coast is shown as darker blue. Note that river plumes are generally warmer than coastal waters in summer.
tHE CCS aNd lOCal WiNddriVEN UPWElliNg
The California Current is a ~ 1000-kmwide, sluggish current that forms the eastern limb of the North Pacific gyre, spanning the Pacific coast from ~ 20°N to ~ 50°N (Hickey, 1979 (Hickey, , 1998 .
Superimposed on that mean flow, narrower equatorward jets induced by the equatorward alongshelf wind stress develop seasonally on the shelf, spreading seaward over the shelf and slope as the season progresses (Strub and James, 2000) . Isopycnals begin to tilt upward toward the coast following the "spring transition" (Huyer et al., 1979; Huyer, 1983; Strub and James, 1988) These seasonal patterns are interrupted or their amplitudes modified at intervals of 2-20 d when the wind along the shelf reverses direction (Hickey, 1998; Barth et al., 2007) . The frequency of interruption changes significantly along the coast, from almost no interruptions (i.e., steady equatorward winds) figure 2. Seasonal and interannual variation of coastal chlorophyll concentration versus latitude in the CCS. data were derived from several years of SeaWifS satellite data and averaged from the coastline seaward to 100 km. This averaging distance captures the majority of seasonal chlorophyll variability (Henson and Thomas, 2007) . The figure depicts the strong latitudinal gradients that are the focus of this paper: higher chlorophyll concentrations are observed in the northern CCS. Contours are 0.25 (dark blue), 0.5, 1.0, 2.0, 3.0, and 5.0 (red) mg chl m -3
. Maximum chlorophyll is located well north of the Columbia river entrance, and the Strait of Juan de fuca has a low particulate load, so that coastal particulates are not expected to have significantly biased these patterns. The patterns as well as magnitudes in the northern CCS (3-6 mg m -3 ) are consistent with extensive historical in situ chlorophyll measurements (landry et al., 1989) . Figure  courtesy of Andrew Thomas, University of Maine; see also Legaard and Thomas, 2006 off California to frequent interruptions off Washington (Figure 6d Ware and Thomson (2005) figure 5. Patterns of colony stability for the Common Murre along the northern Washington coast (data are from the region between the black arrows), plotted on a satellite-derived image of sea surface temperature for July 4, 2007. The freshwater plume from the Strait of Juan de fuca is seen as a cold feature emanating from the Strait; the plume from the Columbia river is seen as a warm feature all along the Washington/Oregon coast. The Columbia river plume on this date extends much farther along the coast than is typical for this month. The highest percent of colony occupation occurs near or at the two ends of the region sampled, suggesting a relationship between colony stability and location of freshwater plumes. Fisher et al. (2007) ��� ��� ��� ���
reverses direction from equatorward to poleward during the upwelling season (Huyer et al., 1979; MacFadyen et al., 2008) , although its amplitude is modified by local wind dynamics. The jet is controlled by pressure differences due to sloping isopycnals and sea surface height, and the Coriolis force (Earth's rotational tendency). In contrast, currents on the inner shelf (~ 30 m bottom depth or less), which are controlled by surface and bottom friction, reverse from equatorward to poleward a few hours after the wind reverses. In the northern reaches of the CCS, much of the variability in alongshelf currents over the middle and outer shelf is a result of propagating disturbances generated by winds south of a given location (Battisti and Hickey, 1984) . Near the sea surface and near the seafloor at all locations across the shelf and slope, friction is also important. Surface frictional currents change direction from onshore to offshore when winds change from poleward ("downwelling-favorable") to equatorward ("upwelling-favorable").
If winds blow equatorward along a straight coastline, at equilibrium, the depth at the source and the amount of upwelled water should be roughly proportional to the strength and duration of the winds divided by the Coriolis parameter (two times Earth's rotation rate times the sine of the latitude) and density (Hill et al., 1998) figure 6. Mean chlorophyll concentration along the coast (from Ware and Thomson, 2005) and (a) Spring-to-summer average (apr. 1-Sep. 30, over 1998 (apr. 1-Sep. 30, over -2003 coastal upwelling index (Bakun, 1973) ; (b) shelf width averaged manually over one-degree intervals; (c) spring-to-summer average cumulative coastal upwelling index for all winds (CUi) and for just upwelling winds; and springto-summer average percentage of days with upwelling-favorable winds. The figure shows that chlorophyll concentration is a maximum at mid latitudes, in a region of declining upwelling wind stress magnitude (panels a and c) and increasing degree of upwelling intermittency (panel d (Geier et al., 2006) .
HOW iS Nitr atE SUPPly aBlE tO OVErCOME a faCtOr Of EigHt diffErENCE iN WiNd StrESS OVEr tHE CCS? remote Wind forcing
Seasonal changes in water properties can propagate poleward from the region where winds caused the disturbance ("remote wind forcing") as a baroclinic (density-related) wave (McCreary et al., 1987) . In support of this model-generated idea, observational studies have attributed the spring transition in part to remote wind forcing (Strub et al., 1987; Hickey et al., 2006) . . Cartoon depicting how freshwater plumes (lighter blue) interact with the coastal ocean (darker blue). fresher water may contain land-derived nutrients (plume as "conduit"), such as occurs generally with the Mississippi river plume. alternately, if upwelling is occurring, the intense mixing with ocean water near the plume lift-off region mixes nutrient-rich upwelled water into the plume, which then carries the rich water seaward (plume as "facilitator"). Second, it retains them locally due to the figure 8. Upper panels compare contoured maps of nitrate plus nitrite during downwelling-favorable (a) and subsequent upwelling-favorable (b) winds along the southern Vancouver island/Washington coast at a depth of 5 m. Station locations are indicated with black dots and no smoothing has been done. The contrast between the nitrate supply along the open coast, which disappears during periods of downwelling winds, and in the Juan de fuca region, where supply is governed by estuarine/strait dynamics, is shown explicitly. in addition to a more persistent nutrient supply, the nutrients are transported offshore by the strait effluent and the offshore Juan de fuca eddy, a distance several times greater than by wind-driven transport in the coastal upwelling zone. lower panels compare 5-m salinity (c) and chlorophyll a (d) during a period of downwelling in early July 2005. Chlorophyll concentration is elevated in the two regions most influenced by freshwater (dark blue areas, offshore of the strait and in the Columbia river plume) even though winds were downwelling-favorable. Nitrate concentration remained high offshore of the strait as shown in figure 8a . This was the period of delayed upwelling when chlorophyll, primary productivity (kudela et al., 2006) , and other marine populations (e.g., Mackas et al., 2006; Newell and Cowles, 2006) Table 1 ). the Columbia river Plume
The Columbia River plume was historically reported to be oriented southwest of the river mouth in summer . However, recent work
shows that the plume is present more than 50% of the time north of the river mouth, and frequently has branches 
. timeline of nutrients and biomass in the surface layer (0-5-m average) from July 2004, from an ecosystem model case (see Banas et al., in review; MacCready et al., 2008) with the Columbia river plume included ("river"), and a "No-river" case in which riverflow = 0 and the Columbia river estuary and Washington small bays are replaced with an unbroken coastline. river nitrate is set to zero. Each snapshot is a 25-h tidal average. Contours of salinity are shown in white (thicker, 30 practical salinity units [psu] ; thinner, 31.5 psu) to mark the location of the plume. North-south wind stress is given in (a). The main timeline (c) shows the difference between model cases in nutrients + biomass (both in nitrogen units); snapshots of chlorophyll (b) and nutrients (d) are also shown to highlight key features. during weak, variable upwelling (July 12-17), the plume partially caps nutrient supply and primary production along the Washington coast, causing a deficit in biomass (b, July 14) . at the same time, however, the plume also causes increased supply and retention of nutrients in the plume south of the river mouth during this period (c, July 12-18; d, July 18). during the downwelling event July 18-20 (a), the excess plume-derived nutrients support a phytoplankton bloom near the Columbia mouth and along the Washington coast (b, July 20), whereas in the no-river case, nutrients and biomass both decline quickly during downwelling (b, d, July 20) . These plume effects are strongest under weak-to-moderate upwelling: during strong, sustained upwelling (July 21-26), the plume is blown offshore and the nutrient supply varies little between model cases (d, July 26).
by the Columbia River and its plume, both as a conduit from the river itself and as a facilitator of upwelling-supplied nitrate, is an order of magnitude smaller than that from all other sources (Table 1) for the region as a whole. If we restrict our attention to the river mouth, the nitrate supplied by mixing of upwelled water into the plume at lift off (Bruland et al., 2008) Iron is vital for phytoplankton blooms in an upwelling system, and iron supply may contribute to productivity differences along the CCS (Chase et al., 2005) .
Recent measurements indicate that even off the Oregon coast, phytoplankton growth is not iron limited (Chase et al., 2005) , although iron can be a limiting nutrient off California (Hutchins and Bruland, 1998) . RISE studies show that iron is never limiting on the Washington coast (Bruland et al., 2008) . Not only is the plume from the Columbia River heavily laden with iron, but iron from the Columbia plume is also deposited in sediment along both the Washington and Oregon coasts. The iron-laden sediment can be mixed into bottom water and thus added to the already nitrate-rich water.
Submarine Canyons
Like river plumes, submarine canyons are not distributed uniformly over the CCS-the majority of canyons occur in the northern CCS (Figure 1 ). Upwelling is enhanced on the southern sides of these canyons (Allen, 1996; Hickey, 1997; She and Klinck, 2000) , as it moves equatorward in the shelf jet (Crawford and Dewey, 1989) . This water reaches the coast at some location south of a particular canyon, where it would require local wind forcing to upwell it into the euphotic zone.
We estimated the seasonal contribution by submarine canyons to nitrate over the shelf bottom using results in Hickey (1997) The preceding discussions demonstrate that the northern CCS has delivery methods to the euphotic zone that ensure nutrient concentrations required for primary production at levels similar to other areas in the northern CCS.
But chlorophyll concentrations at the sea surface are about five times higher in the northern CCS than off northern California (Figure 2 ). This observation suggests that retention of phytoplankton blooms plays an important role in producing alongcoast chlorophyll patterns.
Indeed, the northern CCS is endowed with a massive eddy persistently supplied with nutrients, retentive river plume fronts, a coastline with no major promontories such as cause offshore jets and meanders farther south in the CCS (Strub et al., 1991; Barth and Smith, 1996) , and wide shelves (see Figure 1 ). studies also suggest that . As winds blow harder, mixed layer depth increases (Lentz, 1992) Off the Washington shelf, the strongest return flow is typically observed at a depth of about 10-15 m (Hickey, 1989) .
Surface drifters deployed in

Bloom time Scales Versus Wind intermittency
Intermittency is a critical component of resulting biological patterns. Off central California, maximum phytoplankton productivity is observed when wind variability matches phytoplankton bloom time scales, with three to seven days of relaxation being optimal and diatoms dominating the population Botsford et al., 2006) . When winds are stronger, new production is less than the theoretical maximum, consistent with substantial export from the shelf as well as increased mixed layer depth and reduced light exposure . Stronger winds reduce transit time across the shelf to fewer than five days so that blooms cannot fully develop before they are exported offshelf and coastal waters are increasingly influenced by detritus . Because the duration and strength of upwellingfavorable winds decreases poleward over the CCS (Figure 6d ), wind time scales again are most optimal for growth in the northern CCS.
SUMMary aNd diSCUSSiON
Chlorophyll concentration along the CCS is strongly correlated with shelf width (Figure 6b 
